Approximately 64% of all operations were performed during hot and dry weather, producing 83% of the annual respirable dust for this three-crop system. Among the measured environmental and implement conditions, air temperature, soil moisture, wind speed, and tractor speed were significantly correlated with the dust concentration in an exponential model.
nia standard of 50 |J.g/m 3 air (California Air Resources Board, 1986 -1994 . As part of EPA's Region IX, areas in California's Central Valley at times even violate the less restrictive National Ambient Air Quality Standard for PM-10, which is an average of 150 U£/m 3 air for 24 h. If EPA's 1971-Total-Suspended-Particle Standard is applied, the 24-h measurements first taken in 1965 in the southern part of the Central Valley did not meet the standard of 260 ng/m 3 (California Air Resources Board, 1974) . There is a growing interest in quantifying the contribution of particulate matter from agricultural practices to the air quality in the Central Valley of California.
The Central Valley's geography limits airborne particulate movement by the enclosing nature of the mountain ranges on its sides (Flocchini et al., 1990) . In addition, the semiarid Mediterranean climate with its long dry summer and fall promotes wind-created airborne particles, resulting in a high potential for fugitive dust. The Central Valley accounts for 17% of California's total area. The valley's most extensive land use is highly industrialized agriculture. A cropland area of 28 788 km 2 (Security Pacific Bank, 1973) amounts to 34% of the valley's total area, excluding National Parks and Forests (U.S. Dep. of Commerce, 1994) , and is very likely a major source of fugitive dust.
It is difficult to trace the exact source and amount of particulate matter due to its non-point origin. In addition to agricultural operations, both paved (Rogge et al., 1993) and unpaved (Barnard et al., 1986) roads, wind erosion (Hesketh and Cross, 1983) , construction sites (Dyck and Stukel, 1976) , forest fires and agricultural cropland burning (Schenker et al., 1993) , as well as open mining operations can contribute to fugitive-dust levels (Evans and Cooper, 1980) . The quantitative contribution of these sources was determined to depend mainly on local conditions, soil moisture, vehicle speed, vehicle weight, and silt content of the surface soil (Evans and Cooper, 1980; Dyck and Stukel, 1976) . Evans and Cooper found driving on unpaved roads and agricultural wind erosion to be the two main sources of fugitive-dust emissions. A number of agricultural access roads in the Central Valley are unpaved. A study by the California Air Resources Board (1988) suggested that more than one-third of PM-10 in the San-Joaquin Valley originates from paved and unpaved roads and another one-third from farming operations.
Airborne particulate matter from farming, transportation, and storage operations can be associated with a number of contaminants including silica, the main component of the Earth's crust (59%), fungi and some of their metabolites (e.g., aftatoxins), and a variety of chemical constituents such as herbicides and pesticides.
Among the well-documented health risks associated with elevated levels of mineral dust or a combination of mineral and organic dust (encountered during complete cultivation cycles of crops) are skin irritations (International Labour Organization, 1979) and diseases (Dosman and Cockcroft, 1989) , irritations of the eyes (International Labour Organization, 1979) , and shortness of breath (International Labour Organization, 1979) . More severe respiratory disorders include chronic obstructive airways disease, occupational asthma, interstitial lung disease (Dosman and Cockcroft, 1989) , lung fibrosis (Sherwin et al., 1979; Gamsky et al., 1992) , lung emphysema, hyperresponsiveness, hypersensitivity (Doelman et al., 1990) , and an increased risk in lung and skin cancer (McDuffie et al., 1989; Doelman et al., 1990; Schenker et al., 1993) .
There is little knowledge about how different agronomic practices affect the generation and composition of respirable dust throughout an annual crop cycle. Among published studies, two were carried out in Canada and one in Finland. Green et al. (1990) analyzed the composition of bulk dust samples from tractor cab filters in southern Alberta from areas with fully irrigated and supplemental irrigated crops. The characteristics of the respirable-dust fraction (bulk sample derived) differed locally and according to the predominant type of farming for that region. A study in Saskatchewan (Atiemo et al., 1980) revealed that total particulate-matter concentration in all measured agricultural operations exceeded the recommended threshold limit value (TLV) of 10 mg/m 3 as nuisance dust set by the American Conference of The goal of this first study was to quantify the relative respirable-dust (RD) concentration from each agronomic operation over an annual crop cycle from corn (cv. NC +4616 and Pioneer 3152), tomato (cv. Halley 3155), and wheat (cv. Serra and Yolo) plots, as influenced soil properties, climate conditions, and type, size and speed of the implements (Table 1) . Future sampling will concentrate on the down-wind and three-dimensional distribution of the agriculturally produced particulate matter. Finally we present management concepts that could reduce fugitive-dust emissions and contribute to public and occupational health.
MATERIALS AND METHODS
Since 1993 there has been a unified standard for airborne particulate matter and the associated sampling criteria related to public health. Three particle-size fractions were established by the ACGIH and the International Standards Organization/ European Committee for Standardization (ISO/CEN, 1993) . Based on collection efficiency and aerodynamic diameter the three fractions are:
1. The inhalable-particulate fraction (particles < 100 ~tm in diam.), which enter the head through nose and mouth 2. The thoracic fraction has a cut size of 10 ~tm (i.e., 50% of the particles have an aerodynamic diameter of 10 ~tm) and is able to enter into the lungs 3. The respirable-dustfraction with a cut size of 4 ~tm that reaches the alveolar region of the lungs.
Of those three, the respirable fraction is the most dangerous in that it reaches the alveolar region of the lungs from where it cannot be easily removed naturally.
This study measured RD concentrations at the dust source from 22 agronomic operations with 266 samples. Data from the 18 operations with five or more samples (a total of 257 samples) are included in this paper (Table 2) . Measurements included soil-implement interactive operations (e.g., soil preparations) in which particulate matter composition was primarily inorganic and plant-implement interactive operations (e.g., wheat and corn harvest) with mainly organic particulate matter.
The sampling site consists of 72 carefully controlled 4097-m2-field plots and is part of the Long-Term Research On Agricultural Systems (LTRAS) site located 11 km west Davis, CA. The study was carried out year-round on 22 representative plots including conventional and organic corn and tomato fields as well as fields with an alternate rotation of a winter-legume-cover crop or fallow plots followed by wheat. The winter legume cover crop consisted of a mixture of 33% vetch (Vicia villosa Roth cv. Lana) and 67% pea (Pisum sativum L. cv. Austrian). The site mainly belongs to the Rincon soil series (fine, montmorillonitic, thermic Mollic Haploxeralf), where the texture of the uppermost horizon is clay loam. Approximately 25 % of the area is classified as Yolo series (fine-silty, mixed, nonacid, thermic Typic Xerorthent) and Brentwood series (fine, montmorillonitic, thermic Typic Xerochrept).
All operations on the research site were sampled every time they were performed according to the crop cycle. Table 1 lists environmental conditions (air temperature, soil temperature 15 cm below ground, soil moisture before and after operations, relative humidity, wind speed, and direction) sampler locations (height above ground), and implement conditions (tractor engine speed). All cultivation and harvest operations were performed in north and south direction and most soilpreparation operations were carried out alternating between north or south and west or east directions. The time duration of one sample collection depended on the dust concentration of an operation on one plot. High particle amounts on a filter would result in incorrect post-weighing masses due to particles falling off the filter. For operations with the highest dust levels such as land planing and ripping the implement had to be stopped based on experience to allow for a filter change. For medium and low dust-yielding operations the completion of the operation on the plot determined the sampling time. Particulate-matter-collection procedure included nonoperating time-time needed to turn equipment to the next row where the implement causes no dust generation. Hence, RD concentrations in farmers' fields are expected to be higher per unit area at the source than the ones collected from the 0.41-ha-sample plots under the same conditions. Duplicate samples were obtained with two samplers attached to each implement in close proximity and at the same height above ground. This resulted in six possible RD samples for each operation in each crop and management system with its three replicated plots.
The equipment used for each operation and the operation procedure itself are similar to those employed by farmers in the Central Valley. Because 1994 was the first year of full operation of the LTRAS plots, few differences in soil conditions among the conventional and low-input practices were found.
From March to September 1994 the RD sample collection was done with 10-ram-nylon cyclones (Mine Safety Appliances Corp., Simi Valley, CA; Model no. 456228) and starting in October 1994 the Higgins-Dewell cyclones (BGI Inc., Waltham, MA; Model No. BGI-4) made of stainless steel were employed for the last two operations of corn harvest and the disking of corn stubble into the soil. The metal cyclones were chosen because they reduce the risk of losing particles that adhere to the cyclone walls due to static charge (Bartley et al., 1994) .
The nylon cyclone's collection principle is as follows. An applied vacuum causes particulate matter to enter through the rectangular opening on the side of the vertical cyclone. A tangential channel releases the particulate matter into the inner cavity, where the cylindrical design results in a spiraling motion of the particles. Centrifugal forces separate fine and coarse particles. Coarse particles follow a path of a wider radius, eventually touching the sampler walls and falling down into the bottom collection area. Fine particles accumulate in the center of the spiral and are pulled up through the center outlet onto the filter on top of the cyclone. The selectivity of a cyclone for a particular particle size is a function of the particle's aerodynamic diameter, defined as the diameter of a sphere whose density is 1 g/cm 3 and whose falling speed in air is equal to that of the given particle (Vincent, 1989a) .
The metal cyclones were run at a flow rate of 2.2 L/min according to the new international standard for respirable dust with a 50 % cut-point size of 4 Ixm. The nylon cyclones operated at a flow rate of 2.0 L/rain which results in a 50% cut-point size of 3.5 ~tm, the ACGIH standard from 1985 to 1993. This project started sampling with the nylon cyclone when there was still a debate among researchers and limited publications on the relationship between flow rate and cut-point of the 10-mm-nylon cyclone (Bartley et al., 1994) .
Considering the range of observed dust levels and the experimental setting in a field environment, we argue that the 0.5-I.tm difference in cut-point size between nylon and steel cyclone is not substantial for the purpose of this study. Several factors limit precise quantitative dust sampling in the field. Naturally occurring particles vary in density and shape, which has effects on collection efficiency. Cecala et al. (1983) showed that pointing the 10-mm-nylon cyclone into the wind results in progressive oversampling with increasing wind speeds while progressive undersampling occurs for 90 to 180° orientations. In this study the nylon-cyclone opening faced 90° away from the driving direction.
The precision of particle-size sampling was limited by pump operating characteristics.
For example, decreasing air flow rates due to slower pump speeds of up to 4% were observed under field-sampling conditions. Flow rate measurements taken before and after sampling were averaged for the final concentration calculation. Air flow within the cyclones is extremely complicated and particle trajectories are not deterministic (Vincent, 1989b) .
Teflon filters (2-~tm pore size; Gelman Science, Ann Arbor, MI) and polyvinyl chloride (PVC) filters (5-p.m pore size; Gelman Science) were used in conjunction with 3-piece filter holders of 37 narn diameter (Omega Specialty Instrument Company, Chelmsford, MA). Teflon filters were chosen because they retain their physical properties across a wide temperature range and are unaffected by most chemicals. The PVC filters were found to have only a limited weight stability. Therefore, we always used them together with control filters that were exposed to identical environmental conditions and were weighed at the same time as the utilized filters.
The PVC filters were employed in spite of their weight variability because particles on PVC filters were more visible than on Teflon in scanning electron micrographs.
A 6-digit Cahn Automatic Electrobalance (Analytical Technology, Boston, MA) was used for the pre-and post-weighing of the filter samples. Filters were allowed to adjust to the temperature and humidity in the balance room for at least 1 d before weighing.
The required flow rates were achieved with low-flow vacuum pumps from Gilian Instrument Corporation (HFS 513 AUP, West Caldwell, N J). The flow rate of the pumps was calibrated before each operation and checked afterwards. Custom-made holders for the pumps and the cyclones allowed the length of the tubes (35 cm) connecting the pump and the filter cassette to be minimized on the cyclone and ensured a vertical position of the cyclones at all times.
Soil-moisture samples for all soil-implement interactive operations were taken approximately 5 min before the operation and for the first 195 samples also afterwards at a depth of up to 5 cm. To compensate for soil variability, five moisture samples of approximately 60 g of soil were collected along the northwest-southeast field diagonal. The soil moisture was gravimetrically determined and data from the five samples were averaged.
Statistical analysis was performed using StatView 4.02 (Abacus Concepts, 1992) for the multiple regressions and variance analyses and SuperANOVA 1.01 (Abacus Concepts, 1989) for the multiple t-test.
Weather data were obtained from the California Irrigation Management Information System (CIMIS) weather station Davis, 9 km from the sampling site.
RESULTS
Significant differences in the concentration of RD were measured among farming operations ( Table 2 ): The two operations with the highest respirable particulate level were soil ripping and land planing both with an average of 10.3 mg/m 3. In contrast, the two lowest-ranking operations were disking corn stubble with 0.3 mg/m'and disking winter-legume crop into soil with 0.5 mg/m 3. ing, road rototilling, land planing, and ripping are significantly higher (by up to 10 mg/m 3) than all other treatment means, which average approximately 1 mg/m 3.
Mean-normalized standard deviations (coefficients of variation, CV) were found to be within 25% of the average CV of 0.63, except for the ripping (16) and corn harvest (17) operations. The small CV range indicates that higher RD concentrations had a wider concentration range than lower RD concentrations.
Multiple regression was used to determine which of six independent implement and climate variables were most strongly correlated with particulate-matter concentration. Air temperature (x0, soil moisture (x2), tractor speed (x3), sampler height (x4), wind speed (xs), wind direction relative to the driving direction (x6) were used as independent factors.
The hypothesis that dust concentration is independent of the operation type was tested by a single analysis of variance, including all 18 operations. The hypothesis was rejected at a very high significance level, expressed in the p value of <0.0001. To eliminate the strong influence of the operations themselves on the RD concentrations, multiple regressions were performed for each single operation (Table 3 ). The multiple regression was performed for both original and logarithmically transformed RD concentrations. The logarithmically transformed RD values showed a stronger linear relationship (measured by the adjusted sum of squares and the corresponding p value) with the independent variables than the original RD values. This was expected due to the large number of small RD concentration values (CRD) among the measured data for each operation. The proposed model equation is:
The weighting factors ai (1 = 1 ..... 6) are used as fitting parameters and have inverse units of the respective xi. The intercept c represents the natural logarithm of a factor Kop~ration, which can be interpreted as the base amount of dust created by a specific operation (to permit taking the logarithm, goperatio n must be expressed in the same units as the RD concentration). A good fit of the Model [ 1 ] can be interpreted as the independent variables acting in a multiplicative manner via exponentials:
Strong collinearity was found between relative humidity and air temperature. Relative humidity was discarded because in most operations air temperature was more strongly correlated with the RD. Air temperature also had the strongest relationship with the RD concentration among all independent variables. In addition, soil moisture, wind, and tractor speed each were found to have a significant effect on RD production. We present results for the six operations that have both a representative number of samples and no coincidal (p value > 0.15) collinearity between variables. Collinearity was defined in a regression where the independence between two factors was tested with higher p values representing a higher likelihood of independence. An example of the strong influence of a single environmental variable on RD production is depicted in Fig. 1 . During the fertilization, the RD concentration decreased exponentially with increasing soil-moisture content. The fact that higher soil-moisture contents reduce dust emissions may be attributable to the increased cohesion and adhesion forces between water molecules and solid surfaces.
All soil-implement interactive operations were done under dry soil-moisture conditions ranging from 1 to 6% (Table 1) , except for the disking of corn stubble into soil (15 %) in fall after the first rain. To put these moisture contents in perspective, the 1.5-MPa-moisture content was 13.5%.
After the first 4 mo of the study we were able to confirm that soil-moisture samples taken before and after an operation had the same statistical relationship to dust production. Since mid-August soil-moisture samples for soil-implement interactive samples were thus solely taken before an operation. An index was created to compare the combined effect of different agronomic practices in each crop and cropmanagement system on potential RD production (Fig.  2) . Each bar in Fig. 2 is the ratio of the sum of RD concentrations for all operations in each cropping system to the sum of RD concentrations for all operations in the fallow fields (five diskings annually for weed control). The index shows that the sum of RD concentrations for each of the cropping systems was higher than that of the fallow system. The RD index nearly doubled by growing a winter-cover crop, increased to two and a half times with the wheat and the conventionally managed tomato crops, increased three times with the cultivation of organically grown tomatoes and conventionally grown corn, and rose up to four times the fallow RD index with the cultivation of organically managed corn. Of particular interest is the higher RD index for the two organic systems compared to the conventional cropping systems.
Additionally, each bar is subdivided into the sum of RD concentrations measured for soil water contents above and below 0.05 kg/kg. This water content was chosen because of the significantly higher RD concentrations measured for operations taking place at soil water contents below 0.05 kg/kg. Based on the common practice to prepare the land in fall before the winter rain, these data show that approximately 64 % of all operations were performed during hot and dry weather, accounting for 83 % of the annual respirable dust for a typical farming system of tomato, corn, and wheat in this semiarid Mediterranean climate.
DISCUSSION
The RD samples in this study were collected very close to their source and therefore cannot describe any distribution over distance and space. The rneasured RD concentrations should not be interpreted in terms of off-site environmental effects. The RD concentrations are one measure of the relative RD production by each operation and the influences of climate, soil, and implement variables on RD production.
The relative differences in RD concentration among crops are mainly due to inherent plant-growth habits (e.g., plant height and mass) and thus their associated number of operations and the chosen crop-management system. The inherent crop differences are especially well expressed in a comparison of the corn and tomato crops that have a similar number, but different kinds of operations. The corn crop had approximately a 20% higher RD concentration than the tomato crop chiefly due to higher plant mass and dryness during harvest and additional post-harvest operations such as mowing and disking plant stems into soil.
Among the studied crops, tomato and corn are the most intensively cultivated thus they yield the highest concentrations of RD. In addition to the number of operations compared with the fallow, the number of operations during the dry season is clearly a major influence on RD concentration. Comparing the winter-cover crop and the wheat crop with the fallow, an approximately 20% higher RD concentration was produced during the summer. The combined influence of operating during the dry season and crop differences is disclosed in an evaluation of the RD index from the wheat and the conventionally managed tomato crops. Both have a similar RD concentration even though the wheat crop requires only two-thirds as many cultivation operations. The cause here is the higher percentage of wheat operations during the summer and the increased plant mass and dryness compared with the tomato crop. The seasonal influence is further demonstrated by the 20% increase in RD concentration by the organically grown corn and tomato crops compared with their conventionally grown counterparts. The increase can be solely attributed to the delayed cultivation schedule of the main crop due to incorporation and decomposition time of the winter-cover crop as their fertilizer source. Particulate-matter production from agricultural operations is clearly influenced by the Central Valley's semiarid Mediterranean climate cycle. The Valley is strongly susceptible to radiation inversions. From late afternoon until sunrise the soil surface cools more quickly than the air directly above-conditions that are favored by long nights and calm, dry, cloud-free air. Due to the radiation inversion, stable air conditions exist from late afternoon until around sunrise, letting particles stay close to the ground. As the air temperature near the soil surface climbs, the lower atmosphere gradually becomes unstable and an increasing number of airborne particles are uplifted and spread. The thermal turbulence causes vertical mixing of faster moving air from upper levels with slower moving air at lower levels. Consequently, the average wind speed near the surface increases over the day and contributes to additional particulate emissions. As early as March, midafternoon temperatures rise to the mid-20°C range and relative humidity reaches values as low as 20%. The soil moisture in the upper 5 cm might be as low as 1.5%. Within these temperature, wind speed, humidity, and moisture constraints, dust-creating factors would have to be managed to decrease the RD production.
There are many constraints to how farming operations are selected. Within those constraints, innovative operation schedules with regard to the diurnal air temperature and wind speed trends present one opportunity to lower RD production. Due to the high solar radiation and the completely dry summer and fall seasons, soil moisture in much of California's agriculture is regulated by irrigation. With the demonstrated strong influence of soil moisture, the already existing irrigation systems seem a practicable tool for managing dust production. Land could be irrigated for soil-implement interactive operations where it is cost-effective and does not limit the effectiveness of the operation.
Seeding, harrowing, and disking are land-preparation operations usually performed during spring time when the soil is still moist from the winter rain, and thus produce low dust. The opposite is seen for soil-implement interactive operations later in the season such as the tomato harvest. To reduce particulate-matter production in the dry season, it could be advantageous to manage field irrigation in conjunction with the operations, and to work early or late in the day, when the solar radiation is lower.
For high-dust operations, which are done over the whole year, such as finish disking, land planing, and ripping, it is necessary to have a low soil moisture for a qualitatively good operation (or to be able to operate at all). Here one might consider operating strictly under conditions of the lowest solar radiation during the day.
Operations such as wheat and corn harvest and wheat straw baling have little contact with the soil other than by tractor wheels or tracks, and thus can be viewed similar to year-round operations, where a low solar radiation seems most beneficial to lower quantities of airborne particles.
Even operations with low dust concentrations can add significantly to the annual RD production, when applied frequently (e.g., weed removal was performed four times in the tomato crop).
The exponential effect of the tractor speed provides an excellent opportunity for managing RD concentrations. The lowest speed possible should be used in all operations to limit particulate-matter release.
Wind speed is another very important but much less manageable variable affecting dust production and distribution. It is preferable to work under calm conditions, but it would require significant effort to constantly follow synoptic-scale weather reports on the wind and to adjust operations accordingly. One more easily applicable management option would be not to perform the worst dust producing operations at the daily times of thermal turbulence due to solar radiation.
RD concentrations will increase with the size of an implement and its contact with the soil or the crop. Construction variations in the design should be considered for operations with the potential for high-dust concentrations due to the nature of the implement.
CONCLUSIONS
The cultivation of each crop and its specific set of operations need to be more carefully evaluated within the existing climate constraints. Management systems with winter-cover crops can have advantages to sustainable crop production and human health but require special attention in a semiarid Mediterranean climate where a delayed spring schedule of the main crop may cause an increase in RD concentration. We found this increase to be approximately 20% in this study.
The RD concentrations differ significantly among the 18 sampled agricultural operations. Thus operations with high RD concentrations such as soil-preparation (ripping, land planing, rototilling, and finish disking) and harvest (tomato and corn harvest) should be performed with the understanding that these operations have the greatest potential for reducing the air quality.
Apart from different implement designs, multiple environmental and implement factors determine RD production. Among the most influential and exponentially acting parameters are air temperature (being a limited measure for solar radiation), soil moisture, and wind and tractor speed. Consequently, all four should be considered in crop management to reduce RD concentrations.
The measured RD concentrations reveal existing differences among agricultural operations, but without further spatial-distribution studies no conclusion can be drawn about the impact on air quality or human health off-site from these operations.
Studies will continue to determine in more detail the environmental and implement factors by controlling a wide range of the influencing variables especially over the diurnal cycle. In addition, the project will focus on the distribution of the dust cloud. A voluminous characterization of the dust constituents with a compari-
